Nestin is expressed in many different progenitors during development including those of the CNS, heart, skeletal muscle, and kidney. The adult expression is mainly restricted to the subependymal zone and dentate gyrus of the brain, the neuromuscular junction, and renal podocytes. In addition, this intermediate filament protein has served as a marker of neural stem/progenitor cells for close to 20 years. Therefore it is surprising that its function in development and adult physiology is still poorly understood. Here we report that nestin deficiency is compatible with normal development of the CNS. The mutant mice, however, show impaired motor coordination. Furthermore, we found that the number of acetylcholine receptor clusters, the nerve length, and the endplate bandwidth are significantly increased in neuromuscular junction area of nestin-deficient mice. This is similar to the phenotype described for deficiency of cyclindependent kinase 5 (Cdk5), a candidate downstream affecter of nestin. Moreover, we demonstrate that nestin deficiency can rescue maintenance of acetylcholine receptor clusters in the absence of agrin, similar to Cdk5/agrin double knock-outs, suggesting that the observed nestin deficiency phenotype is the consequence of aberrant Cdk5 activity.
Introduction
Nestin has been extensively used as a marker for neural stem/ progenitor cells both in vitro and in vivo (Lendahl et al., 1990; Doetsch et al., 1997; Mignone et al., 2004) . Outside of the developing nervous system, the expression of nestin is detected in muscle precursors (Sejersen and Lendahl, 1993) , and cells of the developing heart, testis, and kidney (Kachinsky et al., 1995; Fröjdman et al., 1997; Chen et al., 2006) . As cells reach terminal stages of differentiation, nestin is downregulated and replaced by tissue-specific intermediate filaments (IFs) (Kaplan et al., 1990 ).
In adults, nestin is expressed mainly in the subependymal zone and dentate gyrus of the brain where neural stem/progenitor cells reside (Reynolds and Weiss, 1992; Fukuda et al., 2003) . In addition, nestin has been detected in the neuromuscular junction (NMJ) (Vaittinen et al., 1999; Kang et al., 2007) and renal podocytes (Chen et al., 2006) .
IFs along with microtubules and actins are major components of the cytoskeleton. They have an established role in providing mechanical strength to various cells and tissues. Moreover, there is accumulating evidence that they participate in cellular organization and that they also are important determinants of key signaling pathways Eriksson et al., 2009) . Recent in vitro studies have shown that nestin can protect neural progenitors against oxidant-induced cell death through interaction with Cdk5 (Sahlgren et al., 2006) . Indeed, nestin can serve as a scaffold for Cdk5 and is able to regulate its kinase activity in vitro (Sahlgren et al., 2003 (Sahlgren et al., , 2006 .
Cdk5 is a serine/threonine kinase protein. The kinase activity of Cdk5 is regulated by binding to the highly specific regulatory subunits p35 and p39 (Tang et al., 1995; Dhavan and Tsai, 2001) . In vivo expression of Cdk5 has been reported in proliferative as well as postmitotic neurons; however, Cdk5 kinase activity has only been detected in postmitotic neurons in which Cdk5 is bound to its activators (Chiasson et al., 1999) . Mice deficient in Cdk5 expression die perinatally due to neural migration defects observed in the cerebral cortex, hippocampus, and cerebellum (Ohshima et al., 1996 (Ohshima et al., , 1999 . Subsequent studies have revealed a novel role for Cdk5 at the NMJ. In contrast to agrin, a nerve-derived acetylcholine receptor (AChR)-stabilizing factor (Gautam et al., 1996) , Cdk5 disperses AChR clusters (Delalle et al., 1997) . Absence of Cdk5 can partially rescue the lack of stabilized AChR clusters in an agrin-null background (Delalle et al., 1997) .
In the present study, we aim to decipher the role of nestin in vivo through generation of nestin knock-out mice via gene targeting. Our results indicate that although nestin-deficient mice are viable, the number of AChR clusters in their NMJ area is significantly increased. Moreover, through generation of nestin/agrin double knock-out mice, we show that, parallel to the case of Cdk5/agrin double knockouts, deficiency of nestin partially rescues dispersion of AChR clusters in an agrinnull background. These data suggest that nestin acts via the Cdk5 pathway in these developmental processes.
Materials and Methods

Construction of the targeting vector.
To target the nestin locus, two homology arms were generated using standard recombineering technique (Liu et al., 2003) . The following primers were used to generate the arms: 1-F: agagccgcggtcttgttggtcctcttcctca; 1-R: agagcctaggccatggcccctggaaaaggagttaca; 2-F: agagcctagggggtactggcacaggcatttaatc; 2-R: agaggcggccgccttaagattttccgaaagaggcttgagatac; 3-F: agagaagcttatgcatagagtcgcttagaggtgcagcag; 3-R: agagagatctccatggctaggaggtctcagaattccatcc; 4-F: agagagatctcatatggtggaggatggagaaggtca; 4-R: agaggtcgacctcgagttccagtccagctc.
A plasmid containing a PGK promoter, Neomycin resistance gene, and pA (PNT) (Tybulewicz et al., 1991) was cut with NotI and EcoRI. The pBSKII plasmid was also cut with NotI and EcoRI. The fragments were then ligated together. The 5Ј homology arm and the PNT-pBSKII product were then cut with NotI and SacII and ligated together. Finally, the 3Ј homology arm and the 5Јarm-PNT-pBSKII vector were cut with HindIII and SalI, and the fragments were joined to generate the final targeting vector. The vector was linearized with SalI before electroporation.
Generation of the Nes ϩ/Ϫ ES cells and Nes Ϫ/Ϫ mice. The linearized targeting vector was electroporated into G4 ES cells as previously described (George et al., 2007) . The colonies were picked 8 -12 d later and transferred to 96-well plates. The cells in 96-well plate were passaged. Subsequently one replica plate was frozen and the other used for DNA isolation for Southern blot analysis. A 5Ј external probe was amplified using the following primers: F-acctagaggcctgagattctctaaa, R-caagatttttgatgaggaagaagaa. DNA was digested with SpeI and Southern blot was done according to a previously described protocol (George et al., 2007) . The expected band size for wild-type and targeted allele was 20 and 14 kb, respectively. Once targeted clones were identified, the corresponding clones were thawed and expanded for generation of chimeras via aggregation (Nagy et al., 1993) . All the animal studies were performed in accordance with the institutional guidelines.
Western blot. Protein for Western blot was isolated from E10.5 embryos. Immediately after dissection, embryos were homogenized using a fine needle and protein was extracted as previously described (Sahlgren et al., 2006) . Standard Western blot procedure was followed. The membrane was blocked in 2.5% milk diluted in TBS-T at 4°C overnight. The next day, the membrane was incubated for 1.5 h at room temperature in the following antibodies: (1) nestin (Millipore Bioscience Research Reagents) and (2) ␤-actin (Sigma).
Immunohistochemistry and image analysis. Whole-mounted tissues (diaphragm) were fixed with 4% paraformaldehyde, washed three times in PBS with 0.3% Triton X-100 (PBST), and incubated for 1 h at room temperature with blocking solution (5% goat serum). Samples were incubated overnight at 4°C with the following primary antibodies: (1) ␣-bungarotoxin Alexa 594 conjugate (Invitrogen); (2) (7) synaptophysin (Synaptic Systems). After several washes in PBST, tissues and sections were incubated for 2 h at room temperature with secondary antibodies: Cy3 or FITC or Cy5-conjugated secondary antibodies were used for signal detection (1:500 dilution, Jackson ImmunoResearch). For control experiments, the primary antibody was omitted or replaced by preimmune Figure 1 . Generation of nestin-null mice. A, Our target vector replaced most of exon 1 and part of the 5Ј upstream region with a PGK promoter driven neomycin phosphotransferase (neo)-positive selectable marker. B, Using a 5Ј external probe, four targeted clones were identified by Southern blot. The expected sizes for the wild-type and targeted bands were 20 and 14 kb, respectively. C, Western blot analysis. Nestin protein was absent in E10.5 homozygous embryos, while the appropriate amount was detected in heterozygous and wild-type embryos of the same litter. D, E, Immunohistochemical detection of nestin in E10.5 whole embryo (D) and cryosectioned brains of E14.5 embryos (E). In all figures, scale bar sizes are in micrometers.
serum. To enhance the staining when using neurofilament and synaptic vesicle antibodies, the samples were fixed with 2% PFA and incubated in 0.1 M glycine for 1 h. Moreover the samples were incubated overnight at 4°C in primary antibodies. Signals were visualized and digital images were obtained using a Zeiss LSM 510 confocal microscope equipped with two-photon, argon and helium-neon lasers (Zeiss). Images were analyzed using ImageJ software to determine the area occupied by AChR clusters. The number of AChR clusters was determined by manual counting. Statistical significance was calculated by two-tailed paired Student's t test. The number of samples used for characterization of AChR clusters in single knock-outs was 5 for each group (Nes Ϫ/Ϫ and their WT littermates). The number of samples used for characterization of AChR clusters in double knock-outs was 3 for each group (Nes Ϫ/Ϫ ;Agrn
and their Nes ϩ/ϩ ;Agrn Ϫ/Ϫ littermates). The number of samples used for endplate bandwidth calculations were as follows: n ϭ 6 for WT and n ϭ 6 for KO used for bandwidth calculation of Nes Ϫ/Ϫ and their WT littermates, n ϭ 3 for WT and n ϭ 3 for KO used for nerve length calculation of Nes Ϫ/Ϫ and their WT littermates with neurofilament staining, n ϭ 4 for WT-anterior and n ϭ 5 for WT-posterior sections.
Neurobehavioral tests. Roto-Rod test was used to examine the ability of mice to maintain their balance and coordinate their movement. Mice were tested using previously described methods (Kuhn et al., 1995) . Briefly, mice were placed on top of the beam facing away from the experimenter's view (four mice tested at a time). After a brief training period, the Roto-Rod starts accelerating gradually and latencies for the mice to fall from the rod were recorded. Each mouse was tested three times per day for 3 consecutive days (same time and location every day). To examine muscles, a grip strength test was used. The mouse was lifted by the tail and allowed to grasp the steel grip. Then it was gently pulled backward until the grip was released. The machine records the force before the release. Each mouse was tested three times. To test the balance, mice were trained to walk on a long beam. The following day, mice were put on the same beam and the time needed to walk from start to end point was recorded. The numbers of animals used for neurobehavioral tests were as follows: n ϭ 5 for WT (4 males and 1 female), n ϭ 11 for KO (5 males and 6 females). The sex of the mice did not have a significant effect on the results.
Results
Generation of nestin-deficient mice
The mouse nestin gene (Nes) comprises four exons spread over a 12 kb genomic region on chromosome 3. To generate a null mutation, we replaced almost the entire first exon and part of the 5Ј upstream region with a PGK promoter driving neomycin phosphotransferase (neo) using homologous recombination-based targeting (Fig. 1A) . Of 239 neo-resistant colonies screened, four targeted clones were identified by Southern blot analysis (Fig. 1 B) . All four clones were used to generate chimeric founder mice from the ES cells by tetraploid embryo complementation (Nagy et al., 1993) . Two lines successfully resulted in completely ES cell-derived males and transmitted the mutant allele to their offspring. These two lines were used for subsequent studies. We analyzed the nestin mutation in two different genetic backgrounds; the G4 (George et al., 2007) ES cell-derived founders [C57BL/6 (B6), 129/Sv F1 hybrid] were crossed either to ICR (outbred) or B6. The latter were backcrossed three times to B6 to minimize 129 contributions. We have not observed any variation caused by the genetic background or between the two independent gene-targeted lines.
Western blot analysis did not detect nestin protein in Nes Ϫ/Ϫ embryos (E10.5) obtained by crossing heterozygous parents, while the protein was observed in both Nes ϩ/ Ϫ and Nes ϩ/ϩ embryos (Fig. 1C) , proving the null mutation nature of our targeted allele. Nestin expression was further examined at the cellular level by immunohistochemistry of both whole-mount embryos (E10.5) (Fig. 1 D) and cryosectioned tissues (E14.5) (Fig. 1 E) . While strong nestin signal was detected in Nes ϩ/ϩ mice, the signals in Nes Ϫ/Ϫ mice were the same as the background level, further supporting the absence of nestin in the homozygous mutants (Fig. 1 E) . Since nestin has a short N-terminal domain it is not able to form a filamentous network on its own and is often copolymerized with vimentin, a class III intermediate filament protein (Marvin et al., 1998) . Therefore, we examined the expression level of this intermediate filament in nestin knock-out embryos. We did not observe a significant difference in vimentin protein level in nestin knock-out embryos compared with their wild-type littermates (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). These observations suggest that absence of nestin is not compensated by upregulation of vimentin.
Nestin is dispensable for mouse development
Since nestin is expressed as early as E7.5 in the neuroepithelium and between E9 and E11 in the heart (Kachinsky et al., 1995) , we examined the developing CNS and cardiovascular system of Nes Ϫ/Ϫ embryos at E10.25 along with their wild-type littermates as controls. Both systems were anatomically normal (supplemental Fig. 2 , available at www.jneurosci.org as supplemental ) and E (n ϭ 6 for WT and n ϭ 6 for Nes , and Nes Ϫ/Ϫ mice, indicating that nestin deficiency does not cause embryonic lethality (supplemental Table 1 , available at www. jneurosci.org as supplemental material). All genotypes reached sexual maturity and were fertile. We did not observe any differences in size or body weight between the groups (data not shown). Histological examination of various tissues (e.g., CNS, muscle, and kidney) did not reveal any apparent morphological abnormalities resulting from the absence of nestin expression in the examined mice (supplemental Fig. 3 , available at www.jneurosci. org as supplemental material). However, these investigations could not rule out the possibility of subtle changes arising from the absence of nestin. Because nestin is highly expressed in progenitors of the CNS, we decided to further examine the brain structure by magnetic resonance imaging. No significant difference was detected when different regions of the brain were compared between nestin-deficient and wild-type mice (supplemental Fig.  4 A, B , available at www.jneurosci.org as supplemental material). As an overall conclusion, our data suggest that nestin deficiency does not have a negative effect on mouse development and tissue structure at a gross anatomical level.
Nestin is required for proper peripheral motor function
To further characterize nestin-deficient mice, we performed a series of peripheral type neurobehavioral functional tests such as motor coordination and balance test. The Roto-Rod test (Kuhn et al., 1995) was used to assay coordination and function of motor neurons. Mice were placed on a controlled rotating rod and their latency to fall was measured. Nes Ϫ/Ϫ mice showed a lower average latency compared with their wild-type littermates (Fig. 2 A) . Since lower than expected performance in a Roto-Rod test could be caused by lower grip strength, we proceeded to directly examine muscle strength in nestin-deficient mice. We did not detect any significant differences in grip strength of either forelimbs or hindlimbs between knock-out and control groups (Fig. 2 B) . Performance in the Roto-Rod test can also be influenced by the ability to maintain balance. Consequently, we tested both experimental and control groups in a long rod balance test but did not observe any significant differences between the groups (data not shown). The above experiments excluded two factors, muscle strength and balance, which could have caused the poor performance of nestin-deficient mice on the Roto-Rod system. Therefore, we postulated that the poor performance was related to abnormalities in connection of peripheral nervous system to muscles, namely the NMJ (Hirsch, 2007) .
Increased number of AChR clusters and broadened cluster bandwidth in NMJ of Nes
؊/؊ mice Both nestin and Cdk5 are expressed at the NMJ (Vaittinen et al., 1999; Fu et al., 2001; Kang et al., 2007) , and the latter has recently been shown to play a major role in dispersion of AChR clusters during NMJ development (Delalle et al., 1997; Fu et al., 2005) . In vitro studies have also shown that nestin serves as a scaffold for Cdk5 and through this interaction can regulate Cdk5/p35 signaling (Sahlgren et al., 2006) . Therefore, we examined the NMJs and the pattern of AChR clusters in nestin-deficient mice. We focused on the diaphragm muscle, where AChR cluster formation and maintenance has been well studied by visualization of ␣-bungarotoxin (␣-BTX ) binding. Interestingly, we found that nestin mutants have more AChR clusters compared with their wild-type littermates. Furthermore, AChR clusters occupy a larger muscle territory in nestin mutants (Fig. 2Ca,Cb) . To assess whether the observed phenotype is a congenital defect, we analyzed AChR clusters of newborn mice (P0). Similar to the adult mice, the number and area of AChR clusters were increased in nestin-deficient newborns, indicating that the observed phenotype is indeed a developmental defect (Fig. 2Cc,Cd, D, E) . It is important to note that the endplate bandwidth varies at different sites of the diaphragm (supplemental Fig. 5 , available at www. jneurosci.org as supplemental material). Therefore, in our analysis, we always matched and compared the same area of the nestin knock-out diaphragm with that of the wild-type.
Next we analyzed the nerve and synapse component of the NMJ in relation to the AChR clusters. We covisualized the clusters, the nerves, and the synaptic vesicles by ␣-BTX, neurofilament, and the mixture of synaptophysin and synaptic vesicle protein 2 (SV2) antibodies, respectively (Fig. 3 A, B) . We observed that although the endplate bandwidth is broadened in nestin-deficient embryos, AChR clusters were innervated in both wild-type and nestin mutant samples. In agreement with this finding, the nerve length was significantly increased in the knockout samples compared with the wild-type controls (Fig. 3C ).
Nestin regulates activity of Cdk5 in vivo: evidence from nestin/agrin double knock-out mice
Previous studies on agrin-deficient mice have shown that AChR clusters are initially made in these mutants but are dispersed at later stages, suggesting that the motor neuron-derived agrin works against a dispersion signal to maintain AChR clusters in NMJs (Gautam et al., 1996) . Follow-up studies have identified Cdk5 as the dispersing agent responsible for disassembling the AChR clusters. Moreover, a significant number of AChR clusters are maintained in agrin/Cdk5 double knock-outs, whereas they would have been dispersed in the presence of Cdk5 activity in agrin single knock-outs (Delalle et al., 1997) . These observations indicate that the opposing roles of agrin and Cdk5 as positive and negative signals, respectively, shape and maintain the AChR clusters in NMJ. Thus, as nestin is suggested to be a modulator of Cdk5 kinase activity (Sahlgren et al., 2006) , increased number of AChR clusters observed in the nestin-deficient mice could reflect reduced effects of Cdk5. To investigate this hypothesis, we used a genetic approach. We generated nestin/agrin double knock-outs and examined clustering of AChRs at E17.5-E18.5 of development. Remarkably, we observed many AChR clusters in nestin/ agrin double knock-out mutants, whereas the number of clusters was significantly less in agrin single knock-outs (Fig.  4 A-C) . This observation indicates that lack of nestin in the agrin-null background leads to partial maintenance of AChR clusters and substantiates the role of nestin in Cdk5 pathway for NMJ development.
Discussion
Here we report the generation of nestin knock-out mice via gene targeting. The characterization of nestin-deficient mice revealed the essential role of nestin in the development of NMJs. Nestin knock-out mice have more AChR clusters and broadened cluster bandwidth. Similar to our nestin deficiency phenotype, the number of AChR clusters in Cdk5-deficient embryos is significantly higher than in wild-type controls (Delalle et al., 1997; Fu et al., 2005) . This is in line with the expectation from in vitro studies showing that nestin serves as a scaffold for Cdk5 and regulates its kinase activity (Sahlgren et al., 2006) . A recent RNAi-based study (Yang et al., 2011) further supports our conclusion as knockdown of nestin via RNAi in myotubes resulted in significant decrease of p35 expression and Cdk5 activity. Further support for the notion that nestin acts via the Cdk5 pathway was obtained from the similarity between the phenotypes of Cdk5/agrin and nestin/agrin double knock-out animals. In all cases [i.e., Cdk5 deficiency (Lin et al., 2005) , nestin RNAi knockdown (Yang et al., 2011) , and nestin deficiency (our study)], the AChR clusterdispersing phenotype was partially rescued in agrin mutants. Our genetic and others' biochemical data (Sahlgren et al., 2006; Yang et al., 2011) strongly suggest that nestin is an important regulator of Cdk5 kinase activity identified as a dispersing signal for AChR clusters. In summary, our data indicate that although nestin is highly expressed during CNS development and commonly used for detection of neural stem/progenitor cells, it is dispensable for formation of the CNS. Nestin deficiency leads to increased nerve length, endplate bandwidth, and number of AChR clusters in the NMJ. Furthermore, our data from nestin/agrin double mutants signify the importance of nestin as a regulator of Cdk5 kinase activity leading to modulation of certain cell signaling events in vivo and suggest a novel role for nestin in Cdk5-mediated maintenance/dispersion of AChR clusters. 
